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Abstract 
Our work is devoted to the study of the formation of relaxation pulses with a wavelength of 1.9 microns in thulium fiber laser 
with pumping modulation via erbium pulsed fiber laser (Ȝ = 1.55 μm). This type of thulium pulsed fiber lasers is simpler, than 
scheme of master oscillator amplification due to high cost, exclusivity and low quality of 1.9 microns semiconductor laser. In 
addition, our approach permits to achieve shorter pulses, than conventional fiber Q-switch schemes. We have proposed a 
theoretical model that allowed determining to determine pulses duration and peak power as function of different parameters of 
the resonator, such as length, fiber Bragg grating reflection, Tm3+ concentration, wavelength of pump radiation, pumping pulse 
energy. Through those dependencies, we determined optimal parameters of resonator for achieving the shortest pulses. Results 
were approved by experimental work. Laser with optimized parameters provides pulsed radiation with pulsewidth lower than 
10ns, peak power 1.8kW and repetition rate 50kHz. We propose following steps to reduce pulse duration and narrow pulses 
spectral bandwidth. 
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1. Introduction 
Fiber lasers have demonstrated a great performance in the different operation modes in spectral ranges 1.06 and 
1.55 μm using ytterbium- and erbium-doped lightguides. Furthermore, research and manufacture of thulium- and 
holmium- doped fibers is actively developing. There is a different schemes of such lasers, include lasers, which 
operate operates in pulse-periodically regime with pulse duration in order of nanosecond. Such kind of devices have 
a great potential in LIDAR schemes [Scholle et al.(2004)], medical application [Scott et al.(2009)], convertors  in 
spectroscopy, mid infrared and far infrared spectral ranges [Creeden et al.(2008)], different material proceeding 
tasks.  
There are is a different ways to obtain high repetition rate short pulses with wavelength 2 μm.  The widespread 
schemes are Q-switch in bulk Ho:YaG schemes [Duan et al.(2008)]; Q-switch in schemes based on thulium-doped 
active fibers [Liu et al.(2013)];  schemes with semiconductor seed (MOPA schemes). However, such type of lasers 
does not allow allows high peak powers and short pulse durations to be obtained or it is complicated and bulky. 
Traditional schemes with bulk elements in the cavity also have has large losses, prone to heating and out beam 
quality could be reduced due to thermal effects. For MOPA schemes realizing appropriate semiconductor lasers are 
needed, but prices still very high and fabrication technology are not so perfectly debugged as in the case of DFB 
lasers in the range 1.55 μm. 
Unlike to these approaches ways, for gain-switch scheme realizing there is no need for additional bulk elements 
in the cavity and it’s possible to actualize simple all-fiber system. Such approach way is the simple and firm 
alternative for 2μm short pulses producing. Recently a number of researches pay give an attention to for such 
scheme, but the shortest pulse duration, which was obtained through gain-switch is less than 10ns [Jiang et 
al.(2007)]. The shorter pulses were obtained just through appearance of self mode-locking in the thulium cavity 
[Eckerle et al.(2012), Swiderski et al. (2013)]. In our work we built theoretical model of all fiber pulsed thulium 
laser; from it we derived a parameters of needed components and made a laser with close to optimal configuration. 
We obtained a stable generation of pulses with duration less than 10ns and peak power around 1.8 kW. For the best 
of our knowledge we at the first time performed effective optimization of gain-switch all fiber thulium laser, based 
on theoretical predictions by the variation of different parameters, such as length of the cavity, Bragg grating 
reflectivity, thulium ions concentration, adsorption cross-sections of pump pulses radiation. The theoretical 
possibility of obtaining pulses less than 5ns has been showed. 
2. Experimental setup 
The scheme of experimental setup is shown on Figure the figure 1. Cavity pump for gain switch operation mode 
has been realized via erbium pulsed fiber laser with wavelength 1558nm based on MOPA scheme. Erbium laser 
produced pulses with adjustable duration in range 5-60 ns and frequency in range 50-200 kHz. Gain switch laser 
cavity consisted of thulium doped fiber (TDF) with doping ion concentration 600ppm and core/ cladding diameter 
16/125 μm and two fiber Bragg gratings (FBG). High reflective (HR) FBG has reflection more than 25dB; output 
coupler (OC) has reflection ~8dB. 
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Fig. 1. Experimental scheme. 
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Where N2 - excited ions concentration, Ppump – power of pump pulse, P+ -  power of 1908 nm radiation, spreading 
to the right, P- - power of 1908 nm radiation, spreading to the left, N0 – thulium ion concentration, Ĳ excited state 
lifetime, ıap – adsorption cross-section for the pump, ıes emission cross section for the signal, ıep – pump emission 
cross section, ıas signal adsorption cross section, hPlank Plank constant, Ȟp – frequency of pump radiation, Ȟs  
frequency of signal radiation, Acore – area of core of the active fiber, ɫ – light speed, ncore – refractive index of fibers 
core, ht – time step, οπ ൌ ʹɎ˔ሺͳ െ  ሺȽȀʹሻሻ  - solid angle, in which the optical fiber keeps photons, Į – 
numerical aperture of fiber. Below you can see table with constants values. 
Table 1. Constants used in simulation 
Constant Value Constant Value 
଴ܰ 3,3*1025, ɦ—3 ݄௉௟௔௡௞ 6.626*10—34, J*s 
߬ 334*10—6, c (Wang et 
al.(2011) 
ߥ௣ 192.421, THz 
ߪ௔௣ 1.5*10—25, ɦ2 ߥ௦ 157.124, THz 
ߪ௘௦ 4*10—25, ɦ2(Jackson et 
al.(1999) 
ܣ௖௢௥௘  200μm2 
ߪ௘௣ 5*10—27, ɦ2(Jackson et 
al.(1999) 
c 3*108ɦ/ɫ 
ߪ௔௦ 3*10—27, ɦ2(Jackson et 
al.(1999) 
Į 0.095 
 
In the simulation and in the experiments pump pulse duration was 20ns. Applying pulses with such duration 
caused by requirement of non-overlapping of pump pulse and signal pulse, because it leads to instability of signal 
pulses generation. Numerical calculation for very broadband pump radiation is complicated. Cause of that we 
assumed pumps wavelengths adsorption cross section bigger, than in real case as simplification. The value of that 
cross section was determined through analysis of spectral parts of pump radiation (Fig, 2) and related adsorption 
cross sections (Fig. 4). 
 
Fig. 4. Adsorption cross section of thulium fiber. 
Of course, such simplification leads to appearing error in determining of the quantity of absorbed energy, but 
simulation shows negligibility of such errors, because of small length of active fiber and related to that low adsorbed 
part of pump radiation. By dint of numerical model, which was described above, dependencies of the parameters of 
generated radiation on cavity parameters such as output coupler reflection value, cavity length, pump adsorption 
cross section, doping ions concentration was determined. (Fig. 5-7) By using these dependencies the optimal values 
were found: output coupler reflection – 85%, resonator length – 7sm, active fiber length – 5sm. 
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Fig. 5. Dependencies of pulse duration and 
peak power on output couplers reflection 
value. 
Fig. 6. Dependencies of pulse duration and 
peak power on cavity length. 
 
Fig. 7. Dependencies of pulse duration and 
peak power on doping concentration. 
 
4. Experimental results 
Cavity with closed to optimal parameters was prepared. As a result, we obtained 10ns pulses, which was well 
match with theoretical predictions (Fig. 7). Spectrum of relaxation pulses was strongly broadened due to nonlinear 
effects (Fig. 8), such as modulation instability and Raman self-shifting of appearing solitons, which leads to 
supercontinuum generation [Travers (2008), Tai et al. (1986), Hasegawa et al. (1980)]. Spectral part of the signal 
radiation 1908±5 nm consisted more than 80%. The main line FWHM was 0.2 nm. At pulse repetition rate 50 kHz 
and pulse duration 10 ns peak power could be evaluated as 1.8 kW, pulse energy –1.8 μJ.  
5. Conclusion 
In our work we performed numerical simulation of the process of relaxation pulses forming in gain-switch 
operation mode in thulium fiber cavity. Good agreement theory and experimental data allows us to claim, that 
dependences, which were obtained through simulations, are true. These could be a basement for further pulses 
durations reduction proposition. For the first time it could be increasing of thulium ions doping level. Commercially 
available is active fibers with 2%wt, which relate to 2400ppm. Calculation shows, that under the same conditions 
pulse duration could be reduced up to 5 ns and with optimal reflectivity of output coupler – less than 4 ns. Also, 
increasing of the pump energy allows reducing to reduce pulse duration. For the current cavity increasing the pump 
energy to 200μJ allows to achieve pulses close to 5 ns. 
 
 
                     Fig. 8. Traces of experimental and theoretical pulses.     Fig. 9. Pulse spectrum. 
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